Abstract-This letter proposes an efficient method based on the steered-response power (SRP) technique for sound source localization using microphone arrays: the refined volumetric SRP (RV-SRP). By deploying a sparser volumetric grid, the RV-SRP achieves a significant reduction of the computational complexity without sacrificing the accuracy of location estimates. In addition, a refinement step improves on the compromise between complexity and accuracy. Experiments conducted in both simulatedand real-data scenarios show that the RV-SRP outperforms state-of-the-art methods in accuracy with lower computational cost.
I. INTRODUCTION

S
OUND SOURCE LOCALIZATION (SSL) with microphone arrays [1] , [2] is key to applications such as automatic camera steering for video conferencing and gunshot localization for military use. SSL methods take advantage of spatial diversity by using multiple microphones to simultaneously acquire different versions of emitted source signals, which are then jointly processed.
There exist several solutions to the SSL problem, among which the steered-response power (SRP) [3] - [7] method-here referred to as classical SRP (C-SRP)-is a rather common choice due to its robustness against reverberation and noise effects [1] , [7] , [8] . The C-SRP method can be implemented in two steps: (i) computation of the generalized cross-correlation (GCC) function [9] - [11] between the signals acquired by each microphone pair; and (ii) exhaustive search for the source location over a grid of points. The second stage is usually the most computationally demanding since high localization Manuscript received November 20, 2014 accuracy entails using dense grids, which can be a major issue especially when exploring large search spaces. Many methods aiming at reducing the computational cost of the C-SRP have been proposed. Some examples are the stochastic region contraction (SRC) [8] and the coarse-to-fine region contraction (CFRC) [12] . These methods reduce the computational cost by avoiding the computation of the objective function for every point in the search grid, which may lead to poor estimates as the results in [13] , [14] illustrate.
An alternative approach to reduce complexity while still searching the entire search space is to modify the functional that estimates acoustic activity. This category includes the modified SRP (M-SRP) [13] , which achieves quite good results, and the iterative SRP-based algorithm (I-SRP) [14] , proposed later by the same authors.
This letter keeps the strategy of modifying the SRP functional and proposes an efficient SRP-based method, called refined volumetric SRP (RV-SRP), that operates in two steps. First, the search space is divided into relatively small volumes and the proposed functional is used to determine the volume with the highest acoustic activity. 1 Then, a refinement step uses the C-SRP to select a point estimate inside this volume. The first step enables the use of a coarse grid of volumes that envelop parts of the overall point grid, which reduces the computational requirements, whereas the second step benefits from the high accuracy of the C-SRP with dense grid, but with low complexity since it is applied to a reduced search space.
II. SRP TECHNIQUES
A. Classical SRP (C-SRP)
For a set of microphones, different microphone pairs can be defined. The time-difference of arrival (TDoA) (measured in samples) associated with the sound emitted by a source located at and the microphones that constitute the th pair, , respectively located at , can be defined as (1) where denote the sampling rate and the propagation speed of sound, respectively. If the measured GCC function between the corresponding signals for a given TDoA is , the C-SRP is expected to localize the sound source by maximization of the objective function
The GCC is often computed in the frequency domain after application of the phase transform (PHAT), when it is called GCC-PHAT [1] , [6] , [7] , [9] .
B. Modified SRP (M-SRP)
For a given grid point , the objective function associated with the M-SRP method [13] depends not only on the TDoAs from to each pair of microphones, but also on all other TDoAs related to a cubic volume surrounding . Mathematically, the M-SRP objective function can be written as (3) where and , and the accumulation limits and are defined by Eqs. (10)- (11) in [13] .
III. PROPOSAL: REFINED VOLUMETRIC SRP (RV-SRP)
The idea of using a region-wise rather than the standard pointwise SRP enables the use of coarse grids, which is key to reduce the computational complexity. This is the rationale behind the proposed RV-SRP technique, which is comprised of two steps:
1) The entire search space is reduced to a volume , chosen as the volume that maximizes the objective function
where for some (5) and the TDoA bounds are and . Thus, for a given microphone pair with index and for a predefined volume , implies that there exists at least one point belonging to the overall point grid such that its associated TDoA is equal to . In addition, and are the minimum and maximum TDoA values considering both a specific volume and the th microphone pair. Hence, one may regard as a selector of lags . This selector indicates which lags correspond to TDoAs for grid points inside the region being evaluated. Fig. 1 provides an illustration of important entities of the RV-SRP. In this example, the search space (e.g., entire room) is divided into nine volumes, each of which is actually a set of points belonging to the point grid.
2) The C-SRP method is applied inside the new search space with a denser point grid. Similarly to the M-SRP, the RV-SRP operates between minimum and maximum TDoA values. However, the estimated values and w.r.t. a cube surrounding for the th microphone pair in the M-SRP may include TDoAs not found or may not include all TDoAs found within the cube. A numerical example illustrating this fact is provided in [17] . In the RV-SRP, the corresponding limits can always match the TDoA bounds within the related volume provided the inner grid is properly set, i.e., it contains enough spatial information.
Additionally, the RV-SRP: includes an ancillary function that enables the control of the trade-off between computational complexity and accuracy; may operate over spatial regions with arbitrary shapes and sizes; and allows the refinement of the location estimate inside the winning volume.
A. TDoA Smoothing and Its Spatial Effects
As depicted in Fig. 1 , the proposed method employs two grids for the region-wise search: one related to the volumetric regions and a finer one related to the points inside each region. The inner grid can improve performance by adding more spatial information (through added TDoAs) about a given spatial region. On the other hand, by increasing the number of points inside a given volume, the computational complexity required for computing the acoustic activity of a single spatial region is also increased (since more terms in in Eq. (5) are likely to be non-zero). It should be mentioned, however, that since more than one point can be associated with the same TDoA, the increase in complexity is not linear with the number of points.
Nested into the sum across all microphone pairs, the second sum across the lags in Eq. (4) performs a filtering process along the TDoAs, whose consequent smoothing can mitigate some interferences. Indeed, as the GCC may be affected by reverberation and other acoustic interferences, if one takes into account several lags instead of just one, then it is likely to achieve a more reliable estimate. 
B. Remarks on Implementation
Aiming at real-time applications, the RV-SRP method can be efficiently implemented by pre-computing some of the involved quantities. Indeed, TDoAs and the indicator function can be computed just once and stored in look-up tables. In addition, the computation of the GCC function frame by frame should be performed in the frequency domain using the fast Fourier transform (FFT). Details on efficient implementation and the number of arithmetic operations required by the RV-SRP can be found in [17] .
IV. RESULTS
The performance of the RV-SRP is compared mainly against the C-SRP and the M-SRP considering both simulated and recorded signals. All methods use PHAT. Due to page-limit restrictions, the I-SRP [14] and the SRC [8] are included only in the experiments with recorded signals (real-data scenario), since both were clearly surpassed by the others in performance. More results can be found in [17] . In both scenarios, the source signal consists of 3 sentences emitted by a female speaker, and has a total duration of 4.5 s. The sentences were recorded in a professional studio and PCM-coded at a sampling rate of 48 kHz with 24-bit precision. A voice-activity detector (VAD) is employed before playing back the signals in order to discard speech-free segments of the original source signal. Two figures of merit are used: (i) the position estimation error, i.e. the 3-D Euclidean distance between estimated and actual source positions; and (ii) the total number of arithmetic operations required per frame.
A. Simulated Scenarios
The simulated scenarios correspond to a m m m reverberant room, whose reverberation time (T60) [18] can be either 250 ms or 500 ms, simulated using the image model method [19] , [20] . The array has 16 microphones distributed on one of the room walls. The sound source was placed at 5 randomly chosen positions, and only the first 1 s of the source signal was processed in order to cope with the heavy computational burden of the C-SRP when operating over a dense grid. I  RESULTS FOR THE SIMULATED SCENARIO   TABLE II  RESULTS FOR THE REAL-DATA SCENARIO The C-SRP and the M-SRP methods employed grid resolutions of 3 cm and 10 cm, respectively. The RV-SRP run over cubic spatial regions with 10 cm edges enclosing 64 points each, and a search grid of 1-cm resolution at the refinement step. Source position estimates were calculated for successive 4096-sample long frames with 50% of overlap. Fig. 3 shows the histogram of the estimation error for each of the methods, whereas Table I summarizes the main results for this scenario.
By observing Figs. 3(a) , 3(b) , and 3(c) one can verify that all algorithms were able to localize the acoustic source with relatively high accuracy when the reverberation time is moderate ( ms). Indeed, the zoom plots show that those methods did not yield any anomalous estimate, which is reflected in the close mean and median estimation error values in the respective column of Table I. On the other hand, when reverberation increases ( ms) one can observe the first advantage of the proposed RV-SRP in this example: it is more robust to reverberation than the other methods. Indeed, by comparing Figs. 3(d) , 3(e), and 3(f), one can observe that the C-SRP and the M-SRP methods yielded more anomalous estimates than the RV-SRP, which is reflected in mean estimation errors much higher than the median values, as shown in Table I .
In addition, Table I shows the second advantage of the proposed RV-SRP in this example: it requires fewer arithmetic operations per frame, which is essential in real-time applications. Indeed, the number of operations required by the RV-SRP is slightly smaller than by the M-SRP, and about ten times smaller than by the C-SRP.
B. Real-Data Scenario
This scenario corresponds to a m m m room whose measured T60 is approximately 500 ms. The microphone array is a uniform linear array composed of 8 microphones and with aperture of 2.1 m. A small-size loudspeaker (10-cm diameter) plays the role of the single acoustic source. The loudspeaker is placed at 10 different positions chosen at random. Both microphones and source are at cm (i.e., same height) and source localization is performed over such plane. All source localization methods processed successive 4096-sample long frames with 50% of overlap.
The C-SRP method run with two different search grids: 1-cm and 10-cm distance between adjacent points, respectively. The performances of the M-SRP and the I-SRP methods with points spaced 10-cm apart were also evaluated, with the latter method employing either 1 or 2 iterations (the 2nd iteration using a subgrid of 1 cm). The SRC evaluated 3000 points per "volume" (actually, per rectangle) among which 100 were chosen to define the new volume employed on the next iteration; this process was repeated until the volume's edge achieved 10 cm. The RV-SRP run over a grid of squares with 10-cm edges, each one enclosing 16 grid points (refer to Fig. 1 ), and using a grid of 1-cm at the refinement step.
The results are summarized in Table II . The RV-SRP achieved (mean and median) errors as low as the ones achieved by the C-SRP employing a much denser grid, but at a computational cost of about 10 times lower. In addition, the RV-SRP outperformed the M-SRP for the same grid resolution, as expected from the discussion at the beginning of Section III, as well as the I-SRP and the SRC methods.
V. CONCLUDING REMARKS
This letter introduced a novel SRP-based method, the RV-SRP, for sound source localization using microphone arrays. In order to meet high accuracy requirements without resorting to a superfine grid, which would lead to an exceedingly complex procedure, the proposed method begins the search over a coarse volumetric grid-the volume with the highest objective function value is expected to contain the sound source. Then, the RV-SRP further refines the search by applying the classical SRP method inside the winning volume. Experiments conducted in simulated-and real-data scenarios indicate that the RV-SRP represents the best cost-effectiveness, as compared to the C-SRP, the M-SRP, the I-SRP, and the SRC. More details about the RV-SRP and other results can be found in [17] .
